INTRODUCTION
Vibrio vulnzj5czt.r is a pathogenic, estuarine bacterium associated with primary septicaemia and severe wound infections. The numbers of this organism are especially high in oysters and other shellfish due to the filter-feeding activity of these animals. The development of viable but nonculturable (VBNC) cells (Colwell e t al., 1985 ; Oliver, 1993) has been studied in great detail in this organism, which has been reported to lose the ability to form colonies at temperatures around 5 "C (Oliver e t al., 1991 ;  Wolf . The kinetics of the formation of nonculturable cells of V. vulnz)fcu.r depends on the growth phase of the organism before temperature down-shift : cells which encounter stationary phase or starvation before exposure to low temperature exhibit a significant delay in the development of the VBNC state (Oliver e t al., 1991 ; Weichart etal., 1992) . It is feasible that the synthesis of starvation proteins may be involved in this prolonged maintenance of culturability displayed during low-temperature incubation.
To date, studies of the physiology of VBNC cells have been hampered by an almost complete shutdown of activity in these cells, which is reflected in the paucity of reports on the physiology of the VBNC state. In I/. vulnz$%m, protein synthesis has been proposed to be shut down at 5 OC (Morton e t al., 1992) , rendering the direct analysis of molecular adaptation processes by approaches 0002-0622 0 1996 SGM such as electrophoresis of pulse-labelled proteins and transposon mutagenesis ineffective for cells in this state. In order to obtain information on the formation of VBNC cells of I / . vdnijczis, we decided to study the maintenance of culturability as an indirect approach to elucidate this response.
The aim of the study described here was to obtain a more detailed understanding of the starvation-dependent maintenance of culturability in I/. vdnijcm at 5 OC. The prolonged culturability of I/. vulnifictls during cold incubation after pre-starvation for carbon, nitrogen, phosphorus or multiple nutrients was examined, as was the significance of extracellular factors in the stationary phase. Through the use of two-dimensional PAGE, the induction of proteins in response to the different starvation conditions was analysed and correlated with the fate (culturability) of the cells during subsequent cold incubation. We propose that the investigation of the cellular processes involved in maintenance of culturability may allow for the identification of processes that regulate the formation of nonculturable cells, and may thus lead to an understanding of the VBNC state and its biological role.
METHODS
Bacterial strain and culture conditions. Vibrio vulnzficus C7184(T) is a spontaneously derived isogenic and non-virulent mutant of the virulent and encapsulated environmental strain C7184(0) (Simpson etal., 1987) . It exhibits the same response to cold incubation as the opaque variant (Wolf & Oliver, 1992) . [(T) refers to a translucent and (0) to an opaque colony morphology on agar plates which is related to capsule production.] Cells of C7184(T) were routinely grown at 24 OC on a rotary shaker in 2M medium, which is identical to the 'marine minimal medium' 3M (Ostling etal., 1991) , but modified to contain only 50 YO of the salts and is buffered with 40 mM MOPS in analogy to the media used for culturing Escherichia coli (Neidhardt e t al., 1974) . It contains single defined inorganic nitrogen and phosphorus sources (9.25 mM NH,Cl; 1-32 mM K,HPO,), and 0.2% (w/v) glucose as a single carbon source. Starvation conditions were achieved by transferring washed growing cells to the medium lacking either carbon (2M-C) or nitrogen (2M -N) or phosphorus (2M -P) or C, N and P simultaneously (2M -CNP). The experiments were performed without shaking, at 24 O C for starvation, and at 5 OC for cold incubation. Determination of c.f.u. To assess the culturability of C7184(T) at 5 O C , samples were taken at the indicated times and diluted in the respective starvation medium (see above). Drop plate counts (Hoben & Somasegaran, 1982) were performed on VNSS-agar plates (Nystrom et al., 1986) containing 50 % of the reported amount of salts to equal the growth and starvation media. Plates were incubated for 24 h at 37 O C before the assessment of c.f.u. Upon prolonged incubation for a total of 7 d no further colony development could be observed. Pre-starvation and cold incubation experiments. Cells of C7184(T) were grown at 24 OC overnight in 2M medium, transferred to fresh medium at a dilution of 1 : 50 and grown overnight ; after repeating the dilution in fresh medium, the cells were grown to mid-exponential phase (OD,,, = 0*15-O.17 ; 1.8-3.7 x 10' c.f.u. ml-'). The culture was then split into 4 x 25 ml samples, each of which was harvested and washed twice (12000g, 15 O C , 10 min, Sorvall RC5B plus centrifuge, SS34 rotor) in either 2M-N, 2M-P, 2M-C or 2M-CNP, and the cells resuspended in 1 vol. of the respective starvation medium. Subsamples of these suspensions were starved for different periods at 24 OC and then transferred to 5 "C. The starvation time was calculated from the start of the first wash. For comparison, exponentially growing cells were directly transferred to 5 OC, or transferred after washing in either 2M -CNP or 2M medium containing all nutrients (2M + CNP).
No difference in the kinetics of VBNC cell formation was observed between cells washed prior to cold incubation and those transferred directly to 5 "C, or between cells resuspended in 2M -CNP and 2M + CNP. The initial colony counts prior to cold incubation were between 1.7 x 10' c.f.u. ml-' and 3.5 x 10' c.f.u. ml-' in low-density experiments (suspensions diluted 1 : 100 in the respective starvation media), and between 1.2 x 10' c.f.u. ml-' and 4.9 x 10' c.f.u. ml-' in high-density experiments (undiluted suspensions).
Treatment of cells prior to cold incubation. In order to test for the possibility that extracellular factors regulate or modulate the fate of starved cells during cold incubation, cell-free supernatants from a variety of sources were added in a ratio of 1 : 1 to cell suspensions and their culturability compared to suspensions which had been diluted 1:l with fresh starvation medium (2M -CNP). Supernatants were obtained from populations of V. vulnifcus C7184(T) which had been starved in 2M -CNP for 2 or 6 d at 24 OC, and from stationary-phase cultures of the following organisms grown for 2 d at 24OC in Luria broth containing 15 g NaCl1-': V. vulnifcus C7184(T), I/. vulnifcus C7184(0), V.#scheri, I/. harzyiand Vibrio sp. S14. The cultures were centrifuged at 12000g (SS34, Sorvall RC5B plus) for 30 min at 15 "C and sterile-filtered twice using 0.2 pm pore size MFS cellulose acetate filters to obtain sterile supernatants.
Cells of C7184(T) grown to mid-exponential phase were also amended with the protease inhibitor a-2-macroglobulin (from bovine plasma, Boehringer Mannheim) to test whether extracellular proteases are involved in the maintenance of culturability. The chemical was freshly dissolved in 2M -CNP, sterilefiltered using MFS 0.2 pm pore size cellulose acetate filters, and added to the cells at the time of resuspension in the final medium. The action of a-2-macroglobulin was tested by the addition of the protease substrate hide powder azure (HPA) to triplicate cultures of I/. vulnifcus C7184(T) starved in 2M -CNP at 24 OC. A final concentration of 50 pg protease inhibitor ml-' efficiently suppressed any protease activity of the organism at 24 OC: no breakdown of HPA could be observed for at least 5 d in the samples treated with a-2-macroglobulin, whereas untreated controls displayed significant activity of protease, as judged by breakdown of HPA, after 2 d at 24 OC.
Pulse labelling of C71840 for two-dimensional PAGE. Cells of C7184(T) were grown in 2M medium at 24 "C and labelled during exponential growth (mid-exponential phase), after 1 h of carbon, nitrogen or multiple (CNP) starvation, and after 1, 18, 21 or 24 h of phosphorus starvation at 24 "C. Labelling was performed at 24 OC by incubating 0.5 ml of the cultures with 64 pCi (2.38 MBq) [35S]methionine [sp. act. 1000 Ci mmol-' (37 TBq mmol-')I. The incorporation was allowed to proceed for 10 min during exponential growth, for 15 min after starvation for 1 h, and for 60 min after starvation for 18,21 or 24 h. Incorporation was stopped by chasing with 50 mM unlabelled methionine for 4 min. The cell suspensions were centrifuged (4 OC, 20 min, 20000 g, Heraeus Sepatech Biofuge 17RS, rotor 1379) and the pellets frozen at -70 OC.
The bacterial pellets were lysed with 0.3 YO (w/v) O'Farrell (1975) with modifications. The first dimension was an isoelectric focusing gel containing 4.1 % (w/v) polyacrylamide and 6-25 YO (v/v) ampholytes (pH 4-8, Millipore), and the second dimension was a 11.5% (w/v) olyacrylamide gel. Equivalent amounts of Autoradiograms were prepared by ex osure to Fuji RX film for 8 d to permit visualization of the '5S-labelled proteins. All settings and conditions were according to Millipore specifications. Pulse labelling and electrophoretic analysis of proteins were carried out at least in duplicate from separate experiments, and data reported are representative of these experiments. radioactivity (10 P d.p.m.) were loaded for each set of gels.
RESULTS

Starvation survival of V. vulnificus C7184m
Exponentially growing cells were washed and resuspended in defined starvation media which lacked either one essential nutrient (N, P or C) or all three at the same time (multiple starvation, -CNP), and held at 24 "C without shaking. Culturability was maintained at similar levels for up to 45 d at 24 "C under all starvation conditions tested (Table 1) . In order to verify that the cells were growth-limited by the respective nutrient, the lacking nutrient was added back to a subsample of the experiment after 1 d of starvation, and the cultures kept at 24 "C with shaking. After an additional 24 h incubation, the amended samples showed an increase in c.f.u. of 35.5, The initial culturable cell count was between 2.19 x lo6 and 3.5 x 10' c.f.u. ml-', and the data shown are means, with SD in parentheses, of four independent experiments in the case of cells starved of carbon and multiple nutrients, and of seven independent experiments in the case of cells starved of phosphorus and nitrogen. 30.1 and 40.8 times the initial count for the carbon-, nitrogen-and phosphorus-starved cultures, respectively. The unamended samples, on the other hand, showed a slight decrease in c.f.u., providing evidence that the starving cultures were growth-limited for the lacking substrate. In the case of cells starved for multiple nutrients, only the simultaneous addition of all three nutrients (C, P and N) led to growth; no single nutrient (C, P or N), and no combination of two of the three nutrients, led to an increase in c.f.u. after 24 h at 24 "C. This control experiment proves that multiple-nutrientstarved cells are limited for all three nutrients.
Effect of pre-starvation on culturability at 5 "C
To determine which type of pre-starvation allows for maintenance of culturability during low-temperature incubation in V. vulnz~%-z4~ C7184(T), the cells were starved for the individual nutrients carbon, nitrogen or phosphorus (C, N or P) or for all three simultaneously (multiple starvation, -CNP), and culturability was assessed during subsequent incubation at 5 "C. For comparison, non-starved exponentially growing cells were transferred to 5 "C and their culturability determined.
Exponentially growing cells that had been transferred to 5 "C without prior starvation displayed a rapid decline in c.f.u. during the first 2 d to less than 1 % of the initial colony count of 1.7 x 10' c.f.u. ml-'. After 11 d, less than 0.0001 % culturable cells could be detected (Fig. 1) . One hour of pre-starvation for carbon (C) or multiple nutrients (CNP) at 24 "C resulted in prolonged culturability at 5 "C. After 3 d, cell numbers equivalent to approximately 10 ' ?h of the initial colony counts were still culturable, compared to 0.12 % of the non-starved cells (Fig. 1) . After 8 d cold incubation, the culturability of cells pre-starved for 1 h closely resembled that of non-starved cells (Fig. 1 ). Of cells that had been starved for carbon or multiple nutrients at 24 "C for 24 h prior to cold incubation, roughly 7 % remained culturable after 7 d, and 1 YO after 12 d (Fig. 1 ).
Pre-starvation for nitrogen for 1 or 24 h at 24 "C resulted in a decline in culturability to 0.25 YO or 1.5 YO culturable cells after 3 d cold incubation, respectively, and to less than 0.01 YO after 9 d (Fig. 2) . Increasing the time of prestarvation for nitrogen at 24 "C to 72 h did not allow for maintenance of culturability (Fig. 2) . Thus, cells starved for nitrogen prior to cold incubation displayed a loss of culturability similar to that of non-starved cells irrespective of the duration of starvation.
Pre-starvation for phosphorus for 1 h resulted in a decline in culturability at 5 "C indistinguishable from the situation in the absence of starvation: 0.1 % remained culturable after 2 d of cold incubation, and 0.001 YO after 8 d (Fig. 2) . Starvation for phosphorus for up to 15 h had a negligible effect, while pre-starvation for 18 h led to significantly prolonged culturability at low temperature (Fig. 3) . Longer periods of pre-starvation led to further delay in the loss of culturability: when the culture was pre-starved for 24 h, approximately 20 YO and 1 % of the initial c.f.u. ml-' was retained after 2 d and 10 d at 5 "C, respectively (Figs 2 and 3) . In all cases starved cells maintained at 24 "C remained culturable throughout the experiment (Table 1, Fig. 3 ).
The cold incubation experiments were performed at low and high cell densities: the cultures were subjected to starvation and cold incubation either undiluted or diluted 1 : 100 in the respective starvation medium, with final densities of roughly 2 x lo8 c.f.u. ml-' and 2 x lo6 c.f.u. ml-', respectively (see Methods). No difference in the kinetics of the loss of culturability between the experiments with different cell densities was observed for carbon, nitrogen, or multiple (CNP) starvation. In contrast, prolonged phosphorus starvation at high cell density induced an enhanced rate of VBNC cell formation at 5 "C relative to phosphorus starvation at low cell densities. In other words, the starvation-induced alteration in the kinetics of VBNC cell formation appears at later times at high cell densities. For this reason, in the case of phosphorus starvation, data from experiments with low ( Fig. 2 ) and high cell densities (Fig. 3) are presented. The data from high-density experiments were used as the basis for the interpretation of the twodimensional electrophoretic analysis of proteins induced by phosphorus starvation.
Effect of extracellular products on culturability at 5 "C
The addition of supernatants of suspensions of V. harvyi or Vibrio sp. S14 immediately prior to cold incubation showed no effect on culturability (data not shown).
The effect of inhibition of extracellular proteases was tested in order to account for the possibility that proteases induced during starvation might mediate the maintenance of culturability at 5 "C by degrading proteinaceous factors in the supernatants. Cells which had not been pre-starved Proteins expressed by cells subjected to carbon, phosphorus, nitrogen or multiple-nutrient starvation were detected by pulse-labelling and subsequent two-dimensional gel electrophoresis. To be able to compare the protein induction patterns from cells exposed to different starvation conditions, cells were pulse-labelled at the same time of starvation for all the conditions studied. Based on the results described above, the labelling of proteins with [35S]methionine was carried out after 1 h of starvation at 24 "C since at this time both carbon and multiple starvation exhibited a significant effect on the culturability of the cells during subsequent cold incubation. In addition, cells were also pulse-labelled at 18, 21 and 24 h of starvation for phosphorus, which corresponds to the time of development of prolonged culturability at 5 "C by cells starved under these conditions. The patterns of protein expression under the different starvation conditions were compared with that during exponential growth in 2M medium (Fig. 4a) by visual inspection of the autoradiograms. Induced proteins were given a number designation as summarized in Table 2 . Autoradiograms of representative gels are shown in Fig.  4 , and an analysis of the proteins induced by the different conditions is depicted in Fig. 5 . After 1 h starvation, the repression of many proteins was observed and, for each individual starvation condition examined, a specific group of proteins was induced compared to those expressed during exponential growth. Each response consisted of a unique set of induced proteins and subsets common to other conditions. The greatest overlap was observed between the carbon and multiple starvation responses, which appeared to be almost identical. The least overlap was detected between phosphorus starvation and any other starvation condition (Fig. 5) . Two of the proteins (33, 34) were induced after 1 h under all four starvation conditions. Thirty-four proteins (nos 1-34) were induced after 1 h carbon starvation, and were also induced by multiplenutrient starvation. The only difference in the protein patterns induced by these two starvation conditions was protein no. 35, which was specifically induced during multiple-nutrient starvation (Fig. 4b) . Twenty-five (nos 1-25) of the induced proteins were unique for carbon and multiple-nutrient starvation, and seven (nos 26-32) were common to proteins induced during carbon and nitrogen starvation in addition to the above-mentioned proteins which were induced by 1 h under all four starvation conditions (nos 33 and 34). When the protein pattern displayed by cells after 1 h nitrogen starvation was compared to that of an exponentially-growing culture, 24 induced proteins could be detected (Fig. 4c) . Of these, 14 proteins (nos 36-49) were unique for nitrogen starvation, while the remaining proteins were also induced by other conditions. In addition to the seven proteins induced during both nitrogen and carbon starvation and the two general starvation proteins (see above), one protein (no. 50) was common to nitrogen and phosphorus starvation.
Ten proteins were induced after 1 h phosphorus starvation. Of these, seven (nos 51-57) were uniquely induced by phosphorus starvation, and three (nos 33, 34 and 50) were also part of other responses, as described above. After 18 h phosphorus starvation (Fig. 4d) , the phosphorus-starvation proteins nos 51-57 were still induced, but the other proteins (nos 33, 34 and 50) were repressed. Instead, several of the proteins belonging to the nitrogen-starvation set (nos 41,42,45 and 48) and, in addition, protein no. 27 (also induced after 1 h carbon, nitrogen or multiple starvation), were induced by 18 h phosphorus starvation. An additional set of 30-35 proteins was detected to be induced at this time; these proteins were not induced after 1 h starvation for either phosphorus, nitrogen or carbon, and are thus part of the 'late' response of phosphorus-starved cells. After 21 and 24 h phosphate starvation (data not shown), the protein patterns were very similar to those obtained at 18 h; no new proteins could be observed to be induced in addition to those detected at 18 h, and most proteins remained induced at very similar levels during the subsequent hours of starvation. Some proteins, such as nos 53 and 57 and several of the 'late' group of phosphorus starvation proteins, however, were repressed at 24 h starvation for phosphorus (data not shown), indicating that a major part of the response to phosphorus starvation was concluded by this time.
DISCUSSION
Starvation has been shown to induce a multitude of responses in bacteria depending on the nutrient causing growth arrest, as summarized in several recent reviews (Harder & Dijkhuizen, 1983; Mason & Egli, 1993; Wanner & Egli, 1990) . In this study, we have investigated the effect of starvation for individual nutrients on the maintenance of culturability of I/. vulnifcHs during cold incubation, and examined the initial phases of starvation by two-dimensional gel electrophoresis of pulse-labelled proteins.
Starvation survival at 24 "C
In I/. vulnifcus, starvation for carbon, nitrogen or phosphorus, or for all three nutrients simultaneously, led to similar survival patterns, as assayed by culturable counts, when the cells were held at 24 O C (Table 1) . In Vibrio sp. S14, the most thoroughly studied marine bacterium, starvation for carbon and multiple nutrients leads to the formation of ultramicrocells with maintained culturability, whereas starvation for phosphorus or nitrogen induces abnormal cell morphology, delays recovery and causes loss of culturability ( Kjelleberg, 1993) . Psezldomonas pgtida KT2442 maintains near complete culturability during carbon and multiplenutrient starvation, and responds similarly during nitrogen starvation, but appears to be sensitive to phosphate starvation (Givskov e t al., 1994b) . Table 2 and text), and is thus not shown. The proteins induced after 1 h phosphorus starvation are all part of the pattern obtained after 18 h phosphorus starvation (see Table 2 and text); an autoradiogram with the protein pattern induced after 1 h is thus not shown. The gels depicted are representative of duplicates; induced proteins are indicated by arrows numbered according to Table 2 . The left side of the photographs corresponds to the acidic end of the isoelectric focusing gels. On the right margin, the positions of protein molecular mass standards on the gels are indicated. 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13,  14, 15, 16, 17, 18, 19, 20, 21, 22,  23, 24, 25  26, 27, 28, 29, 30, 31, 32  33,34  35  36, 37, 38, 39, 40, 41, 42, 43, 44, coccoid cells or short rods ; phosphorus-starved cells display swollen filaments with several inclusion bodies which may represent PHB depositions ; nitrogen-starved cells have very irregular morphology ranging from long filaments to swollen or coccoid cells (data not shown).
Effects of extracellular factors
Recently, a large number of reports have implicated extracellular products of bacteria in the regulation of a wide variety of microbial processes, and sensing of cell density and signalling by pheromone-like substances. Derivatives of acylated homoserine lactone have been observed in various bacterial species including I/. fiscberi and I / . barvyi (Kaiser & Losick, 1993; Kell e t al., 1995) . Further, homoserine lactone has been proposed as a starvation signal in E. cola' (Huisman & Kolter, 1994) . It is thus possible that the prolonged culturability observed for pre-starved I / . vdnz)fczts subsequently incubated at 5 O C is triggered by extracellular products which signal growth arrest and prepare the cells for stationary-phase survival. The hypothesis that factors excreted by I/. vzllnz)fcctl, I/.fiscbera' or I/. barvyi affect the transition to the VBNC state in I/. vulnz)tcm was tested by addition of supernatants of starved or stationary-phase cultures of I/. vtllnifictls, I/. fiscberi or I/. barvgi. None of these additions altered the culturability of I/. vulnzjhs during cold incubation. We have previously shown (Weichart et al., 1992) that the induction of the VBNC state of I/. vt/lnzJ5cza is at least partly triggered by products released by cold-incubated cells. To test the possibility that the maintenance of prolonged culturability during cold exposure afforded by starvation is due to the induction of extracellular proteases (Kreger & Lockwood, 1981) , which could serve to remove the ' killing factor(s) ' secreted by cold incubated cells, we tested the effect of the non-specific protease inhibitor a-2-macroglobulin (Miyoshi & Shinoda, 1991 ; Sottrop-Jensen, 1989 ) on starving cells. The inhibitor was shown to be fully functional in our experimental system, but it had no effect on the culturability of pre-starved cells during cold incubation. The experiments involving supernatants and protease inhibitor suggest that the effect of starvation on the culturability of I/. vzjlnzjhs during cold incubation is not triggered or affected by extracellular substances secreted by the organism during starvation.
Effects of starvation conditions on culturability at 5 "C
In earlier reports, multiple-nutrient starvation prior to cold incubation has been shown to prolong the culturability of I/. vzjlnz)fcm at 5 "C, and thus delay the formation of VBNC cells (Oliver e t al., 1991 ; Weichart et a/., 1992). The specificity of the development of prolonged culturability during starvation in relation to the nutrient which is limiting growth has not previously been investigated in I/. vdnz)fccu. In this paper, we have addressed this issue with regard to the response of the organism to cold incubation. Carbon and multiple-nutrient starvation were almost indistinguishable in their effect on culturability of I/. vdnz@m during cold exposure (Fig. 1) . Both gave rise to a significant effect on culturability after 1 h starvation at 24 OC, and a pronounced effect after 24 h. Notably, phosphorus starvation was almost as efficient in prolonging culturability of I/. vzdnz)fcctls cells during cold exposure as carbon and multiple starvation, although the response to phosphorus starvation appeared to be delayed (Figs 2 and 3) . Phosphorus starvation at 24 O C for up to 15 h does not lead to detectable increases in maintenance of culturability at low temperature (Fig. 3) . This could be due to transient continuation of growth in the absence of external sources of phosphorus by utilization of phosphorus-containing membrane constituents as has been observed in a marine Psezidomonas fluorescens (Minnikin & Abdolrahimzadeh, 1974) . Starvation for nitrogen, however, did not promote prolonged culturability in I/. vzilnzjhs during incubation Starvation in Vibrio vtrlnifcxr at low temperature, even when the pre-starvation times were extended to 72 h (Fig. 2) . From this we can conclude that the induction of general post-exponential (Pex) proteins does not permit prolonged maintenance of culturability during cold exposure in I/. vulnz$icus. These Pex proteins have been reported to provide the basis of starvation-induced cross protection in E. coli (Jenkins et al., 1988) and possibly also Pseudomonasputida (Kim e t al., 1995) . It is not known why nitrogen starvation does not allow maintenance of culturability in V. vzdnz$icu.r, while the survival of the organism in the absence of an external source of nitrogen is not impaired at 24 O C (Table 1) . It is possible that the failure to maintain culturability at low temperature after nitrogen starvation could be due to the inability of the organism to balance amino acid or protein pools in order to prepare the cells for the shutdown of protein synthesis caused by cold stress. The synthesis and turnover of proteins are reported to be unaffected or even increased in nitrogen-limited E. coli due to breakdown of ribosomes (Mandelstam & Halvorson, 1960) .
Analysis of protein synthesis during starvation
In order to elucidate the molecular determinants for maintenance of culturability, we have commenced the analysis of the proteins induced during the initial phases of starvation for the different nutrients. In this study, a set of more than 34 proteins were identified which were induced during 1 h of carbon-or multiple-nutrient starvation and which might be involved in the maintenance of culturability during cold incubation. As prestarvation for phosphorus for 18 h allowed for prolonged culturability analogous to that afforded by 1 h carbon starvation, the proteins induced after 18 h were included in the analysis. Starvation for phosphorus induced a response which was clearly different from that to carbon or multiple-nutrient starvation : 10 proteins were induced after 1 h, and additionally 30-35 proteins were induced after 18 h of phosphorus starvation. In the protein patterns, as visualized by two-dimensional gel electrophoresis, the overlap between the three responses (C, P and multiple starvation) only comprised proteins which were also induced by nitrogen starvation; after 1 h two proteins and after 18 h one protein (nos 33, 34 and 27 respectively; Table 2 , Fig. 5 ). As nitrogen starvation itself did not allow for prolonged culturability at 5 O C , it may be concluded that these proteins do not mediate maintenance of culturability of cold-incubated cells. It is postulated that the proteins induced by carbon and phosphorus starvation are part of independent responses which allow for maintenance of culturability at low temperature.
Recently the pattern of carbon-starvation-induced proteins was examined in the opaque variant of V. vulnijiczls (Morton & Oliver, 1994) . However, the data presented by Morton & Oliver (1994) reflect a mixture of responses, namely the stringent response, as the amino acids present in the growth medium are withdrawn at the onset of starvation, and a diauxic shift, as the utilizable carbon source acetate remains in the ' starvation medium '. Hence the protein patterns published by Morton & Oliver (1 994) are not comparable or related to the patterns reported here. Induction patterns similar to those described here have been reported in other bacteria: in E. coli (Jenkins et al., 1988 ; Matin, 1991) , Salmonella t_yphimurium (Spector e t al., 1986) , Pseudomonas putida (Givskov et al., 1994a) and Vibrio sp. S14 (Nystrom et al., 1992) sets of unique responses to the individual starvation conditions, as well as overlapping responses, were found. In all cases, a fraction of the protein responders is induced regardless of the starvation condition encountered, and the individual starvation conditions share particular subgroups of induction. It appears as if specific regulators and general regulatory mechanisms interact on many levels in the coordination and modulation of starvation responses. This phenomenon of multi-level regulation may be concluded to exist in several organisms including Vibrio species.
The proteins induced by carbon starvation in V. vulnz$icus include nearly all the proteins induced by multiple starvation, whereas the patterns induced by other conditions overlap only to a minor extent with the response induced by multiple starvation (Fig. 5) . This indicates that carbon starvation determines or dominates the response to multiple starvation in V. vulnifcus. In Vibrio sp. S14, the protein pattern characteristic for multiple starvation does not show any greater resemblance to that characteristic for carbon starvation than it does to those patterns typical for other starvation conditions (Nystrom e t al., 1992) . Also, in Vibrio sp. S14 a large group of proteins is induced by multiple starvation only, and not by the individual starvation conditions, while we have detected only one such protein in the initial phase of starvation in V. vulnz$icus. The results obtained for starvation survival, maintenance of prolonged culturability at low temperature and starvation-induced protein synthesis indicate that the starvation responses in V. vulnifics are different from those in Vibriu sp. S14. This is further supported by the previously reported observation that the induction of stress proteins by carbon starvation is dissimilar in the two Vibrio species (Holmquist et al., 1992) .
The results reported here constitute the first step in determining the cellular mechanism behind the interaction between starvation and the cold-induced loss of culturability of cells of V. vulnificu. We have identified carbon (or multiple-nutrient) starvation and phosphorus starvation as conditions that induce maintenance of culturability during cold exposure. The analysis of the patterns of induced proteins has allowed us to conclude that carbon starvation determines the response of the organism to multiple-nutrient starvation, and that carbon and phosphorus starvation may elicit maintenance of culturability via induction of different proteins, indicating the possibility of different specific molecular responses. We propose that the characterization at a molecular level of the processes leading to the loss of culturability, as well as those responsible for the initiation of resuscitation, will provide us with a better understanding of the ecology and epidemiology of the pathogen V. vuh$icus and facilitate the development of possible control measures.
